Abstract-The use of large superconducting inductors for "pumped" energy storage as an alternate to pumped hydrostorage is discussed. It is suggested that large units might be developed at less than $20O/kW and with losses less than the 50 percent representative of pumped hydrostorage. Particular notice is taken of the ability of such peaking units to damp overall power system electromechanical oscillations.
INTRODUCTION
Energy storage for power systems with superconducting magnets has received relatively little attention. Most of the studies [1, 2, 3] which have been made deal with pulsed energy storage and show that there are many advantages for superconducting inductors over capacitors. In general charge and discharge times have been short. The two papers which have dealt with long charge and discharge times show that losses are not excessive for superconducting inductors used as storage elements in a power system [4, 5] .
A "pumped" magnetic storage system connected to a three phase line would consist of a large superconducting inductor, a helium refrigerator and dewar system to keep the temperature well below the critical temperature for the superconductor, and an acldc converter. Referring t o Fig. 1 , the storage inductance to be "charged" is the only load on the rectifier inverter. The voltage E is given by an equation of the form where Ed0 is the voltage across the bridge when the current I is equal to zero and X is the commutating reactance. Clearly, for a. given set of constants, the delay angle (which can be varied from O to 180 degrees ideally) is the key to the control of rate. of charge, including both positive and negative, the latter corresponding to discharging the inductance L. Thus, we have inherently continuous control of the reversible process corresponding to the pumped hydrosystem through- MWh can be stored at lo5 amps at an average rate of 400 MW. Note that the thyristor firing angles can be varied so that zero voltage is impressed across the storage inductor. Thus, at full charge the storage current which flows in the inductor, line, and generator can be held constant. Alternatively, the inductor could be shorted with an internal superconducting switch and disconnected from the system when fully charged.
Energy stored in the superconducting magnet is returnable to the ac system' under smooth continuous control. Distortions to the voltage waveform of the ac system would result, as is well known. While not the subject of this paper, it should be recognized that converter systems with variable firing angles such as are implied here are essentially n o different from those used in modern high voltage direct current (HVDC) power transmission. Appropriately designed filters, can be used to reduce harmonics to acceptable levels compatible with quality power standards.
The inefficiencies encountered are those in the conventional ac system, in the converter bridge, and the refrigeration required to balance electrical, magnetic, mechanical, and thermal losses into the cryogenic enclosure. Preliminary loss estimates indicate that, in total, these losses are less than the standard 1 kW lost for 2 kW recovered which is usually realized for hydrostorage installations. As an example, let us list the losses for a 10 000 MWh unit with a 400 MW reversible rating. For convenience it is assumed that the unit is never discharged to less than 5200 MWh. Thus only half of the energy or 400 MW for 12 h is exchanged with the power system. All losses into the cryogenic enclosure have been translated to an ambient temperature equivalent loss by using a conservative refrigeration factor of 500 watts per watt.
As an ambient loss these losses are then quoted below in terms of percent of stored energy or of reversible power, whichever is appropriate. The losses in the bridge and conventional ac system might amount to 2 percent, 8 MW or 192 MWh for a 24 h period. Based on the work of Irie
[5], we estimate the mag-with a suitable daily load cycle. Note that the cost for large sizes approaches the cost for ac/dc conversion equipment and is correspondingly less sensitive to magnet costs. A -10 000, B -1000, C -100, and D -10 MWh. Numbers on solid curves are hours for complete discharge at installed reversible capacity rating.
The converter equipment is assumed to cost $40/kW, the magnet superconductor $60/kg, and the magnet 3 times the superconductor cost. (alp) for r = 3640 cm. In order to limit the peak field, Brooks coils must be constructed with very low current densities; the above 1 0 000 MWh example uses only 39.5 A/cm2.
STRUCTURE AND CRYOGENIC OPTIMIZATION
It has been shown by Levy [9] that the minimum structural mass required to hold together a magnet system is proportional to the stored energy
OW
where ps is the structure density, uW is the working stress, and Em is the total magnetic energy. If all the structural elements are in tension, the equality holds; if some of the structure is in compression, then the mass is greater than the lower limit shown in equation (2).
Taking a solenoid as an example, we assume that the winding can be treated as a solid cylinder [ l o ] . By making the approximation that distributed magnetic forces can be replaced by an internal pressure P = H 2 /8r, we obtain where t is the winding thickness and r the inner radius. In the limit of small P / o , the mass calculated from equation (3) is that predicted by equation (2) . As the windings become thicker, more and more unnecessary structure is used.
Some representative values of the extra structure in percents are 10, 15, 23, 32, and 48 for Plow = 0.1, 0.2, 0.3, 0.4, and 0.5, respectively. The same general principle can be shown for the toroid, but not in a simple analytical form. In addition a toroid requires central structure in compression, which leads to structural inefficiencies. There is n o optimum size for structural reasons; good design approaches a constant mass per energy unit independent of size. Regarding the selection, of field, however, Plow should be as small as possible while consistent with other requirements.
Cryogenic losses through the insulation modify the above tendency towards larger structures with ,lower magnetic fields. In general, the stress requirements are more severe than are the electrical stability requirements, although one can reduce the margins for stability by building a simpler magnet with more steel, less copper, and fewer turns. This achieves ow = 24 000 psi and eventually could reach the thermal stability limit as well.
CONCLUSIONS
Energy storage by superconductive inductors appears t o be a realistic possibility for power systems. The toroidal configuration seems to be satisfactory because its external field is zero. Polygonally oriented solenoids might also be suitable. 
